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Sy nopsis 
A method for dealing with the effects of cross-
sectional shape on flow resistance in open channels 
was developed and presented in a previous paper. 
The new method, which was r eferred to as Kazemipour ' s 
method, was tested against t he experimental data 
of other investigators available at the time when 
it was developed and published. To test further 
the effectiveness and generality, of Kazemipour ' s 
method, a series of experiments with smooth and 
rough r ectangular and also with smooth and rough 
semi- circular channels was designed and the firs t 
experiments in this series, those in smooth 
rectangular channels, are descr ibed in this paper . 
The results of these experiments have verified 
further the effectiveness and generality of 
Kazemipour 's method in smooth rectangu lar channels. 
In particular, the effectiveness of the ~2 curve, 
which was originally derived from· independent 
experimental data, was confirmed when applied t o 
the present data. In addition to the usefulness 
of these experiments in the s tudy of shape effects, 
they provide a new set of valuable data about 
open channel resistance . 
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1. INTRODUCTION 
The effects of the shape of the cross- section on flow 
resistance in open channels and non-circular closed conduits has 
received considerable attention from hydraulic engineers for 
many years. There has been a number of previous efforts to deal 
with this problem, but they all lacked generality in one way or 
another which were outlined and discussed elsewhere (1,2). 
Consequently, a new and more rational method for dealing 
with shape effects was developed from considerations of 
dimensional analysis and was presented in a prev ious paper ( 2 ). 
The new me thod which was referred to as Kazemipour's method, 
employs two new parameters which are more representative of the 
effects of shape on resistance in open channels and non-circular 
closed conduits than those used by other investigators and offers 
solutions more rational than those previously proposed. The 
first parameter representing the shape effect in Kazemipour's 
method is~ . = IP/B, which reflects the effects of non-uniform 
1 
distribution of shear stress around the boundary and the second 
is ~ , which is a function of the aspect ratio of the cross-
2 
section . P is the wetted perimeter of the cross-section, B is 
the width of cross-section and ~ 1 and ~ 2 are the shape parameters. 
The general relation between the flow parameters can 
be expressed by Equation (1) , details o f which can be found i n 
Kazemipour (1) and Kazemipour and Apelt (2). 
q,[ Re, 
K B ~) 1/lf s (1) R I -- I c Yav 
where f 
c 
is the observed friction fac tor in the channel 
or non-circular closed conduit, 
R 
e 
is the Reynolds number = 4RV/v, 
v is the average velocity of the flow, 
\) is the kinematic viscosity, 
R is the hydraulic radius = A/ P, 
A is the flow cross-sectional a r ea , 
p is the wette d p e rimeter, 
K 
s 
is the equivalent roughness size, 
B is the width of cross-section, 
2 
is the average depth of flow 
denotes a function. 
A/B, 
The last two groups in Equation (1) obviously relate to the shape 
of the cross-section and the equation can be written as 
which is the form obtained by a number of others including 
Langhaar (3) and Shih and Grigg (4). 
(2) 
Equation (1) applies equally to flow in open channels 
and to flow in closed conduits and the parameters B/yav and P/ B 
represent the effects of cross-sectional shape on flow resistance 
in open channels and in non- circular closed conduits, compared to 
circular pipe flow. 
For smooth turbulent flow in circular pipes, where the 
parameters B/yav and P/B have no effect, Equation (1) reduces to 
that of Karman-Prandtl which is written as 
1/lf 2.0 log Re If - 0.8 (3) 
where f is the friction factor in the pipe. It i s well known 
that the friction factor for open channe ls and non-circular 
closed conduits, fc, is larger than that for circular pipes, f, 
at the same Reynolds number and relative roughness. The larger 
resistance to flow in open channels and in non-circular closed 
conduits is attributed to the effects of the shape of cross-
secti on on flow resistance through t he shape factor ~ = ~ /~ 
1 2 
It was s hown in Kazemipour a nd Apelt (2) that the use of the 
shape f actor ~ in Kazemipour's method shifts the observed data 
points in the channel to lie on the line of Equation (3) for 
pipes, through the relation 
f 
* 
f ~ /~ 
c 2 1 
where f is the modified friction factor in the channel after 
* 
(4) 
3 
taking the shape effects into account, i.e. f has the same value 
as f at the same value of Reynolds number. * 
To obtain the value of the shape factor, ~ . it is necessary 
to evaluate the values of the shape parameters, ~ 1 and ~ 2 • ~ 1 
is evaluated directly from the measured values of P and B 
according to the relation 
where 
~ 1 
T I 
V' 
* 
v* 
0 
pgSyav 
pgSR 
is the shear stress corresponding to Yav' 
is the mean shear stress at the boundary, 
v; is the shearing velocity corresponding to T', 
V*o is the shearing velocity corresponding to T0 , 
p is the density of the fluid, 
g is the acceleration due to gravity, 
S is the bed slope. 
(5) 
~ 2 is a function of the (width/depth) or the aspect ratio of the 
channel and must be derived from experimental data . The 
derivation of the values of ~ 2 and their v ariation with B/ yav 
have bee n carried out in detail by Kazemipour (1) and were 
presented earlier in Kazemipour and Apelt (2). The curve of ~ 2 
as a function of B/yav based on the data of Tracy and Lester (5) 
and that of Shih and Grigg (4) is reproduced here as Figure 1. 
In order to establish the generality of Kazemipour's 
method and, in particular, to test further the effectiveness of 
the ~ curve drawn in Figure 1 by using experimental r esults 
2 
independent of those from which the ~ curve was derived, some 
2 
experiments in smooth rectangular channels were designed and 
carried out and these are described in this paper. The results 
of the present experiments have value in themselves as a new set 
of accurate data about the resistance to flow in smooth rectangular 
channels in addition to their use in the f urthe r study of shape 
effects. 
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2. EXPERIMENTAL CHANNEL 
An outdoor platform adjustable in slope and covered with 
steel formwork panels was used to support the experimental channel. 
The platform is 25 m long, 1.2 m wide and is carried by a steel 
truss. The channel was 20 m long, 40 em wide and 30 em deep. 
Sheets of compressed asbestos cement, 4 m long, were used as 
smooth surfaces to build the bottom and side walls of the channel. 
The sheets used for the bottom of the channel were 60 em wide and 
18 mm thick, the thickness being such that deflection of the 
bottom under water load when the channel was full was completely 
negligible. The side walls were made by bolting 30 em high and 
1.2 m long metal panels at right angles to the bottom of the 
channel as supports and lining them with 6 mm thick smooth asbestos 
cement sheeting. The arrangement was such that, after lining 
the walls, the width of the channel was 40 em. All the joints 
in the channel were filled with a waterproof sealant, "silicone 
790", to stop any leakage. A view of the channel after completion 
of the construction is shown in Figure 2. 
FIGURE 2 A view of the experimental channel 
6 
Water was supplied to the experimental channel from a 
tank with constant water level through three 15 em (6") lines. 
Each line provided up to 20 litres per second of discharge. 
vlater from the supply lines ran into a stilling tank, 1.2m x 
1.2 m wide and 1.5 m deep (below the bottom of the channel) 
before entering the channel. The discharge from each supply 
line was measured by an orifice plate of 8.89 em (3.5") in 
diameter. The maximum possible error in measuring the discharge 
using this particular orifice meter would be within 1%. 
An undershot sluice gate in the upstream end of the 
channel and an overflow weir plate at the downstream end of the 
channel were used to control the flow, when it was necessary. 
To achieve uniform flow at normal depth, adjustment of the head-
gate was required when the flow was supercritical and adjustment 
of the tail-gate when it was subcritical. 
Point gauges were installed at 1 m intervals a1ong the 
centreline of the channel. The gauges were held perpendicular to 
the bottom of the channel at all times. The resolution of these 
point gauges is 0.1 mm. 
3. PROCEDURES FOR ESTABLISHING UNIFORM FLOW ANg NORMAL DEPTH 
The condition of steady uniform flow is seldom encountered 
either in the field or in the laboratory. The depth of flow for 
steady uniform flow, known as the normal depth,is very useful for 
analysis of the flow profiles in open channels but is extremely 
difficult to measure with accuracy. In determining normal depths 
in the laboratory it is essential that steady uniform flow be 
attained as closely as possible. The water surface profile should 
reach equilibrium, as far as that could be determined by the 
precision of setting and reading of the point gauges. For some 
conditions of flow in these experiments, it took more than an 
hour to reach such an equilibrium condition. 
After the flow is steady, it is even more difficult to 
be sure that it is uniform. For mild channel slopes, uniform flow 
at normal depth is the upstream asymptote to the r-11 and M2 back-
7 
water curves. Backwater curves of M1 and M2 types corresponding 
to slightly different tail-gate settings may be very nearly 
parallel to the bottom, and yet have an appreciably different 
depthofflow especially in cases where the slope of channel is 
very small. The uniformity of the flow cannot safely be determined 
by reading gauges at each end of the channel, for the error in 
setting and reading only two gauges, especially if the channel 
is short, may seem to indicate uniform flow; whereas actually the 
flow may be well along an M1 or M2 curve, and the apparent uniform 
depth far from the desired normal depth. 
To a lesser degree, the same thing is true for flow on 
steep slopes where uniform flow at normal depth is the downstream 
asymptote to the s2 and s 3 backwater curves. Although the s2 and 
s 3 backwater curves are not nearly as long as the M1 and M2 curves, 
there are tendencies to have standing waves on the surface that 
make accurate setting of point gauges more difficult. 
In determining the normal depths in the present invest-
igation, initially the profiles were obtained both below and above 
the normal depth, each profile being for a steady flow condition. 
However, it was found that this procedure led to the following 
problems and difficulties: 
(i) As M1 and M2 profiles, or s 2 and s 3 profiles for 
that matter, had to be taken with different tail-
gate or head-gate settings, the water level at 
the stilling tank in the upstream end of the 
channel was affected and, therefore, the flow rate 
was different for M1 and M2 or s 2 and s 3 profiles. 
(ii) Velocity measurements had to be made in steady 
uniform flow conditions and at normal depth. 
Therefore they could not be taken on M1 , r.12 or 
s 2 , s 3 profiles. 
To eliminate these problems, it was decided to achieve 
accurately the actual asymptote of n1 and M2 or s 2 and s 3 profiles, 
even though this was time consuming and difficult. This could 
be achieved through a process of trial and error and patience by 
manipulating the control gate setting until the water surface 
8 
profile was parallel to the channel bed. Hm-1ever, each 
asymptote was checked against the profiles below and above it 
and in case of doubt the measurements were repeated until the 
satisfactory result was obtained. In general, no measurement 
was taken until the flow became steady and it took not less than 
an hour for each run to be completed. 
All of the normal depth measurements were taken as 
described above, examples of the results of the process being 
given in Figure 3. Figure 3(a) s hows a typical set of profiles 
of subcritical flow and Figure 3(b) shows a typical set of 
profiles of supercritical flow in the channel. The different 
curves in Figure 3(a) were obtained from different settings of 
the tail-gate at the downstream end of the channel and those of 
Figure 3(b) from different settings of the head-gate at the 
upstream end. 
In general the following conditions for accuracy of 
measurement of the normal depth were achieved with the procedure 
described above: 
4. 
(i) The normal depth was accepted when the deviation 
of any point on the asymptote from the overall 
average value of all measurements of the normal 
depth was within 1 %. 
(ii) The difference in depth between the asymptote 
and the M1 and H2 profiles or s 2 and s 3 profiles 
on either side of it was about 1 mm. This is 
shown on Figure 3. 
EXPERIMENTAL PROCEDURE 
Experiments were carried out in both subcritical and 
supercritical flow, with Froude numbers ranging from 0.39 to 1.49. 
Only 15 m of the working l ength of the channel was take n as the 
test section. The first station in the t est section wher e a point 
gauge was installed was 5 m from the entrance and the last station 
was about 2 m from the downstream end of the channel. Flow rates 
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10 
ranged from 6.12 to 55.78 litres per second covering 61 runs which 
were made on 7 different slopes, ranging from 5.70 x 10-4 to 
6.06 x 10-3 . Uniform conditions for subcritical flows (runs 1 - 31) 
and for critical and supercritical flows (runs 32-61) were 
achieved by manipulating the settings of tail-gate and head-gate 
respectively and checking the water surface profiles with the 
point gauges at all 15 stations, until the water surface profile 
became parallel to the channel bed, i.e. all of the point gauges 
showed the same depth within the measuring accuracy, following 
the procedure described in the previous section. Under uniform 
flow conditions, the depth at each station was read directly from 
the height shown by the point gauge in that station and the normal 
depth, yN, for the run, was taken as the height of the line of 
best fit to the individual values of the depth in each station of 
the test section. The deviation of any individual depth read from 
the point gauges from the value of the normal depth so obtained 
was within 1% . 
The water surface profile along the channel was obtained 
for each run by adding the value of bed level, z, at each station 
to the value of the measured depth at that station. 
The water temperature, T, was measured for each run, with 
an ordinary laboratory mercury thermometer, mounted in the channel 
at the downstream end, beyond the test section. 
Point velocity measurements were made on many verticals 
spaced across a section normal to the flow in the region of fully 
established flow half way through the test section of the channel. 
The measurements were made for some of the runs in both subcritical 
and supercritical flow ranges, using a small current meter 
(OTT current meter, type 10.152) with propellers having diameters 
of 3 and 5 ems. 
5. PRESENTATION AND ANALYSIS OF THE EXPERIMENTAL RESULTS 
In all, 61 tests were made in uniform flow in the smooth 
rectangular channel. The Reynolds numbers for the range of 
discharges tested varied form 50,000 to 357,000. In this range 
of Reynolds numbers, the friction factor, fc' varied from 0.0148 
I 
1 
11 
to 0.0233. The complete details of the experimental results are 
given by Kazemipour (1) . The variation of friction factor with 
Reynolds number is shown in Figure 4. It can be seen in Figure 4 
that there is good consistency in the experimental r e s u lts and 
that there is no obvious difference between the results from sub-
critical flows and those from supercritical flows. Further, it 
is clear from Figure 4 that the friction factor for the open 
channel flow is greater than that for a smooth pipe at the same 
value of the Rey nolds number. The results are shifted from the 
smooth pipe curve (Equation 3) by about the same amount over the 
range of Reynolds numbers covered in the present experiments. 
The experimental results are plotte d in the form of 
1/~ against log (Re ~) in Figure 5. For comparative purposes, 
Equation (3) for turbulent flow in smooth pipes is also shown on 
this Figure. The line drawn through the open channel data, has 
the equation 
1/~ 2.0 log Re ~ - 1.13 (6) 
which differs from Equation (3) only in the magnitude of the 
additive constant. The difference is attributed to the effects 
of the channel shape on flow resistance . To check t he effectiveness 
of Kazemipour's method i n accounting for shape effects, the me thod 
was applied to the data of these experiments, as descr ibed in the 
following section. 
6 . APPLICATION OF KAZEMIPOUR'S METHOD TO THE DATA OF PRESENT 
INVESTIGATION WITH THE SMOOTH RECTANGULAR CHANNEL 
In the exper i me nts reported h e r e the normal d epth varied 
from 2.72 to 24.26 em, resulting in aspect ratios of 1.65 to 14.70 . 
The data was processed according to Equation (4). The values of 
~ = IP/B were calculated for the data points and t he values of 
1 
~ 2 were take n fromfue curve drawn in Figure 1 for t he corresponding 
values of the aspect rations, B/y . Then the shape f actor, 
~ = ~ 1 /~ 2 , was calculated and the modified frictio n factor, f*, 
was obtained from the observed friction factor fc and the shape 
factor, ~. 
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The modified friction factor, f*, is plot~ed as 1/~ 
against log (Re~), together with the Equation (3) fvr pipe flow 
in Figure 6. It can be seen from Figure 6, how well the Open 
channel data have been shifted to be so close to the line of 
Equation (3) for pipe _flow that the line of best fit to the 
modified open channel data is the line of Equation (3) itself; 
i.e. the modified friction factor f* has the same value as f at 
the same Reynolds number. 
The effectiveness of Kazemipour's method, especially 
the generality of the curve drawn (from independent experimental 
data) in Figure 1, is then fully demonstrated in shifting t he 
experimental data of the smooth rectangular channel onto the 
universal diagrams for flow-resistance in smooth circular pipes. 
Consequently, it was decided to combine the present data 
with the data of Tracy and Lester (5) and the data of Shih and 
Grigg (4) which were used to derive the curve of Figure 1, to 
refine the curve furthe-r. 
7. REFINEMENT OF THE CURVE IN FIGURE 1 USING THE 
PRESENT DATA 
The present data for the smooth rectangular channel were 
processed in the same manner as the data of Tracy and Lester and 
of Shih and Grigg were treated (1,2) . The values of w2 derived 
from the present experiments, together with the values of w2 
derived from the data of Tracy and Lester and of Shih and Grigg, 
are plotted against B/y in Figure 7. The c urve of best fit to 
the data points is a lso drawn in Figure 7 . 
The data points from the present investigation cover a 
range lying between the data of Tracy and Lester and those of 
Shih and Grigg at the turning part of the curve and it can be 
seen that the present data are even more consistent than the 
others. 
Comparison of Figures 1 and 7 shows clearly that the 
two curves are virtually identical and there is very little or 
no displacement at all in the curve drawn in Figure 1, as a 
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result of including the present data. Therefore both Figures 
could equally be used to get the values of ~ 2 for any given aspect 
ratio. This result in itself is clear evidence of the success 
and generality of Kazemipour's method. 
8. CONCLUSION 
An e x tensive set of experiments was carried out in a 
smooth rectangular channel to provide a new set of data about 
open channel resistance and to study the effects of cross-sectional 
shape on resistance. In these experiments a nove l approach was 
used to me asure the normal depth of the flow. 
The variation of friction factor with Reynolds number 
showed that the friction factor for the channel is larger than 
that for a smooth pipe at the same value of Reynolds number. 
The larger fri c t ion factor in the c h a nnel i s due to the 
effects of cross-sectional shape of the channel on resistance. 
Kazemipour's method for taking account of the effects of the shape 
of the channel on resistance proved very successful when applied 
to the present data. In particular, the effectiveness of the ~ 2 
curve drawn in Figure 1, which was derived from independent 
exper i me ntal data, was confirmed when a pplied t o the present data. 
This in itse lf provide d furthe r e v idence for the g enerality of 
the method. 
The new data for the smooth rectangular channel was then 
combine d with the data of Tracy and Le ste r and that of Shih and 
Gr igg to refine the ~ c urve drawn i n Figure 1 but, as was expected , 
2 
the outcome was that the r e was no change in the position of the 
~ 2 curve and the Figures 1 and 7 are virtually identical, confirm-
ing the generality of Kazemipour's method. 
It has been d emonstrated that the application of 
Kazemipour's me thod shifts the experime nta l r esistance data for 
flow i n smooth open c h anne l s onto the universa l diagrams for smooth 
circular pipes. The shape factor ~ establishes a simple correlation 
between the flow in circular pipes and open channels and permits 
the friction factor and the average velocity of the flow in the 
18 
channel to be calculated from the universal resi s tance formulae 
and diagrams for circular pipes. 
APPENDIX A 
Symbol 
A 
B 
F 
f 
fc 
f* 
g 
Ks 
log 
p 
R 
Re 
s 
T 
v 
v*o 
V' 
* 
y 
Yav 
YN 
z 
v 
p 
To 
T' 
cp 
ljJ 
ljJl 
ljJ2 
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NOMENCLATURE 
flow cross-sectional area in channel 
wid th of cross-section 
denotes a function 
pipe friction factor 
channel friction factor 
channel fric t ion factor adjusted by Kazemipour's shape factor 
acceleration due to gravity 
equivalent roughness size 
common logarithm to base 10 
wetted perimeter of flow cross-section 
hydraulic radius of cross-section 
Reynolds number = 4RV/v 
slope of uniform flow 
water temperature 
average velocity of flow 
shear velocity corresponding to T0 
shear velocity corresponding to T1 
depth of flow in rectangular channel 
average depth of flow in channel = A/B 
normal depth of uniform flow 
elevation of the bed 
kinematic viscosity 
density 
average boundary shear stress 
boundary shear stress corresponding to Yav 
denotes a function 
shape factor in Kazemipour's method 
a shape parameter which reflects effects of non-uniform distribution 
of shear stress as shape of cross-section departs from an infinitely 
wide rectangle = /P7B 
a shape parameter reflecting the effects of aspect ratio, B/yav' on 
open channel flow resistance 
20 
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